Abstract
Introduction
Harmonic problems in utility are a result of application of the equipments like diode or thyristor rectifiers, which take non-sinusoidal currents from the grid. The international standards presented in IEC 1000-3-2 and IEEE 519 impose firm harmonic restrictions to modern rectifiers, which results in a focused research effort on the topic of high power factor rectifiers [1] [2] [3] . In recent years, voltage-type pulse width modulation (PWM) rectifiers, which can realize unity power factor and almost sinusoidal ac input current, have been widely investigated, and some of them have already been put into practice [4] [5] [6] . Many research results focusing on the control strategies have been presented. In these control strategies [7] [8] [9] [10] [11] [12] [13] , the output dc voltage is controlled by a voltage loop, where a voltage PI regulator acts on the dc voltage error to generate references for the ac currents in the stationary (a-b-c or α-β) or rotating (d-q) frames. PI regulators of the current loop ensure that the input ac currents track their references. The current loop uses two PI regulators in the rotating d-q frame in these approaches. But this kind of control structure is not effective for the system of which both PI regulator dynamics are close to each other.
In this paper, the mathematical model of three-phase PWM rectifier is firstly established. Then feedforward decoupling control strategy in synchronously rotating d-q frame and predictive current control strategy in two-dimensional stationary (α-β) frame are studied respectively. By analyzing the control procedure in mathematics and the simulation results of MATLAB, the paper analysis the two typical control strategies and indicates the relative merits of them. Finally, the experimental prototype results of the three-phase PWM rectifier using the predictive current control strategy are provided to verify the superiority.
Analysis of the three-phase PWM rectifier
The three-phase PWM rectifier is consisted of six switches with anti-paralleled diodes as shown in figure 1 .This topology is ideally applicable to DC-linked AC motor drives since it draws sinusoidal Assuming that the three-phase voltage is symmetrical, stable and interior resistance is zero; threephase loop resistance R and L are the same value respectively; switching loss and on-state voltage is neglectable; affection of distributing parameters is neglectable; switching frequency of the converter is high enough.
The parameters in figure 1 
Base on the Kirchhoff's voltage law, three-phase voltages can be computed as:
Summing these three-phase voltages:
For a three-phase system with no neutral path and balanced back emfs, 
Furthermore, the neutral voltage can be simply derived from Eq.3 as: Now, three-phase voltages can be calculated as: 
As a result, three-phase voltages in Eq.6 and Eq.7 can also be expressed in terms of DC-bus voltage and three upper switching functions as:
Analysis of control strategy
The three-phase PWM rectifier can achieve unity power factor, harmonics elimination and DC-busvoltage constant. Normally, there is a current control in the inner loop and a DC voltage control in the outer loop. The current loop makes the input current follow the phase voltage in phase to get unity power factor; and the voltage loop keeps the output voltage constant. The double-loop control strategy is usually employed in three-phase high power factor correction. The control method of current loop can be put into direct-current control and indirect-current control. The indirect-current control is highly dependent on the parameters, while the direct current control can achieve the robust performance of faster dynamic response. In most applications, the voltage loop adopts PI regulator, which is suitable for three-phase high power factor PWM rectifier.
Feed-forward decoupling control in synchronously rotating d-q frame
In three-phase AC symmetric system, the components are all DC variables in synchronously rotating d-q frame. When the initial reference axis is selected appropriate, q-axis and d-axis components will represent active and reactive components respectively. It is favourable to control the active and reactive components separately.
The Eq.2 is transformed into two-dimensional stationary (α-β) frame using Clarke transformation matrix as follows: frame. When d-axis coincides with α-axis, two-dimensional stationary (α-β) frame is transformed into synchronously rotating d-q frame using Eq.11:
Eq.12 is the mathematic model in synchronously rotating d-q frame:
Writing mathematical model of three-phase PWM rectifier in synchronously rotating d-q frame as follow: 
Predictive current control in two-dimensional stationary (α-β) frame
In the control system of d-q frame, the control algorithm is complicated for coupling between the input current, which needs to be decoupled. The control system that adopts predictive current control in two-dimensional stationary (α-β) frame can be simplified. This method keeps the fast response merit. Real current can follow reference current in one switching period and switching frequency keeps constant. In addition, parameters selection is simple for there is only one PI regulator in the system. In the control process, the output of PI regulator will becomes the amplitude of three-phase reference The mathematic model in the two-dimensional stationary (α-β) frame can be obtained by applying Eq.9.
Eq.15 is the mathematic model in two-dimensional stationary (α-β) frame: 
Assuming grid current can track reference current in one period that means
, thus Eq.18 can be written as:
From Eq.19, we can see that the same variables have been decoupled. And the variable (
is the reference voltage vector which is the input value of the SVPWM algorithm.
Simulation analysis of the control strategy
In order to evaluate the PWM rectifier performances that use two control strategies mentioned above with space-vector modulation (SVM), simulation has been carried out using the following parameters: figure 4 and figure 5 ), two control strategies can apparently realize the input current tracking input voltage, and unit power factor operation. The input current harmonic using feed-forward decoupling control is slightly lower than predictive current control. But from complexity of the control system, feed-forward decoupling control needs to undertake decoupling processing. The control system contains three PI regulators which are relatively complex in parameters setting, which have very huge impact on the performance of the system. So the realization of this control method is difficult. For the predictive current control in two-dimensional stationary (α-β) frame, the same variables have been decoupled, and parameters selection is simple for there is only one PI regulator in the system. In this way, the whole control system of PWM rectifier could be carried out by using a digital signal processor (DSP) with minimal external hardware.
Experimental results and analysis
According to simulation model, a three-phase PWM rectifier with DSP control system is implemented and tested in the laboratory. In the prototype model, IPM(pm150cla120) is controlled by a fixed-point DSP micro-controller ( TMS320F2812 from Texas Instruments ) with a clock frequency of 150MHz. In each control cycle, the DSP samples the sensed signals and completes all the calculations needed to determine the switching states. The software procedures include AD conversion, CLARKE transformation, PI regulator, predictive current controller, and SVPWM algorithm. We have got the desired results in experiment. A sinusoidal input current in same phase with the corresponding input phase voltage is obtained as shown in figure 6 .We can see that the input current phase track the input voltage phase. Figure 7 shows the input current of phase A ,B ,C which are phase separation of 2π/3, and the input currents are much cleaner and become almost pure sinusoidal. Using power hitester (KIOKI 3166), we can measure that power factor is nearly unity and THD<5%.
Conclusions
This paper analysis the two typical control strategies and indicates the relative merits of them. By analyzing the control procedure in mathematics and the simulation results, two control strategies can apparently realize the input current tracking input voltage, and unit power factor operation. For the predictive current control in two-dimensional stationary (α-β) frame, the same variables have been decoupled, and parameters selection is simple for there is only one PI controller in the system. It is easy for the digital implementation. The experimental prototype of the three-phase PWM rectifier using the predictive current control strategy is designed in laboratory. The experimental results show that power factor is nearly unity and THD<5%.
